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This thesis describes the fabrication of an induction heating apparatus and its use
to directly heat small platinum and gold electrodes in electrolyte solution. The heating
characteristics of the electrodes were studied via the entropic shift of redox potential with
temperature and change in Faradaic current. Temperature pulse voltammetry (TPV) and
cyclic voltammetry were used for temperature calibration under various heating
conditions. The maximum temperature reached at a 0.25 mm diam platinum electrode
surface in solution was 84 degrees C. At heated electrodes an increase in current was
found to be due to convection and diffusion. TPV was performed with inductively heated
gold (0.5 mm diam) and platinum electrodes, which gave complete current-potentialtemperature information. Induction heated Pt electrodes were employed to investigate the
kinetics and mass transfer process of oxygen reduction reaction (ORR) in acidic and
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CHAPTER I
INTRODUCTION
1.1

History of Thermoelectrochemistry
Traditionally speaking, electrochemistry deals with current, voltage, and time to

study chemical reactions at electrode interfaces. In classical electrochemistry, current and
voltage are the predominant parameters used to investigate systems. For example, the
earliest electrochemical processes involved electrolysis, and electrodeposition.1–3 Over
the years, the temperature dependence on electrode processes was investigated in metal
deposition or electroplating in terms of current flow through the electrode.4,5 The earliest
research in this domain can be found as early as the late nineteenth century by Mills.6
Before the introduction of modern thermoelectrochemistry (i.e. based on in situ
heating processes), other modern electrochemical methods that used ultrasound (sonoelectrochemistry), mechanical processes (tribo-electrochemistry), and light (photoelectrochemistry), were explored as additional parameters.7 During the 1960s,
thermoelectrochemistry emerged as a new branch of electrochemistry; where temperature
played an important role as a new variable.8 This new development was notable since
temperature affects multiple electrochemical processes; including, the rate of reaction,
diffusion limiting current, and the activation barrier.
Over the years, three modern thermoelectrochemistry methods have been
developed, i.e., high temperature, supercritical, and in situ heating
1

thermoelectrochemistry.7 Modern thermoelectrochemical techniques are primarily based
on two types of heating systems i.e., isothermal heating and non-isothermal heating.
However, while several types of isothermal heating systems have been developed, there
are few non-isothermal heating systems available and many are still in their infancy.
Therefore, significant contributions can still be made in this research domain.
1.1.1

Isothermal heating methods
Isothermal cells can be defined as systems having no temperature gradient across

the cell. Therefore, in isothermal cells, all components (i.e. the working electrode(s),
reference electrode, counter electrode(s), and electrolyte solution) experience the same
temperature. Isothermal heating processes, with minimal temperature variation, were first
studied for industrial electroplating applications. These applications primarily focused on
the electrodeposition of metals (e.g. copper9 and zinc10) and alloys11 and the effect of
elevated temperature on the deposition process. Electrochemical measurements, of
systems under isothermal heating conditions, were also applied for studying hydrogen
adsorption, hydrogen evolution reaction (HER), and lithium ion intercalation into
graphite electrodes.12 In the last century, classical thermoelectrochemistry was
extensively employed in the investigation of corrosion,13 and electrocatalysis of single
crystal electrodes (e.g. platinum and gold),14 as well as, graphite, carbon paste, and
diamond electrodes.15 Different solvents besides water (e.g. ionic liquids16 and
phosphoric acid17) have been investigated under isothermal heating conditions. For
example, the effect of temperature on the electrodeposition of selenium and iridium on
nickel has been investigated in ionic liquids.16
2

While classical thermoelectrochemistry has enabled studies on the effect of
temperature for simple electrochemical systems, it is severely limited by difficulties in
interpreting electrochemical results due to complications brought about by thermal
processes. For example, the entropy of the working and reference electrodes is
significantly affected by temperature; making it difficult to differentiate phenomena
occurring at a single electrode in the cell (i.e. working electrode).7 In addition, a number
of variables (e.g. potential, free energy and current) in electrochemical cells are directly
impacted by temperature change; each to a different extent. Therefore, systems which can
localize heating to a single electrode can avoid these issues of classical
thermoelectrochemical heating methods.
1.1.2

Non-isothermal electrochemical cells
Unlike isothermal cells, non-isothermal cells have a temperature gradient between

working, counter, and reference electrodes. In non-isothermal cells, the reference and
counter electrodes are isolated (i.e. remain at ambient conditions) from temperature
changes happening at or near the working electrode surface. Initial studies on nonisothermal systems employed half-cells that localized heating to a single thermostat halfcell that contained the working electrode; while the other half-cell, containing the
reference and counter electrodes, was kept at room temperature. Later, non-isothermal
half-cells were developed. In non-isothermal half-cells, the electrode surface is heated in
situ which creates a temperature gradient between the electrode and bulk solution.
There are several significant differences between isothermal and non-isothermal
cells. For instance, current enhancement in isothermal cells is primarily diffusion
3

controlled; whereas non-isothermal cells are controlled by both diffusion and
convection.18,19 In addition, the kinetic parameters are significantly affected under nonisothermal heating conditions.20 The observations made with non-isothermal cells are key
to understanding other types of non-isothermal systems; such as lithium ion batteries,21
solid oxide fuel cells,22 corrosion,23 and biological molecules (e.g. DNA hybridization).24
In addition, theoretical models of heated electrodes (non-isothermal) have also been
developed to better understand these systems.25
Several non-isothermal heating methods, such as, resistive,26 inductive,27 laser,28
and microwave29 have been developed to date. Non-isothermal systems that can heat a
single electrode (i.e. working electrode) in situ are termed “modern”
thermoelectrochemical techniques. These modern heating techniques are gaining
substantial interest from researchers in the field. In this work, the non-isothermal heating
process, for induction heated platinum and gold electrodes, will be studied.
1.2

Non-isothermal heated electrodes
Non-isothermal heating process is a new branch of study of heating

microelectrode. In this method, only a small fraction of the electrochemical cell is heated
up while rest is not affected by change in temperature. These techniques include flow
cells,30 hot wire,31 Joule heating of thin films,32 microwave,29 laser heating,33 and
induction heating process.27 These have been discussed in the following subsection.
1.2.1

Microwave heating
Electrochemists are exploiting new methods of non-isothermal heating processes.

The microwave heating method for a microelectrode had been introduced by Compton.29
4

In this technique, the author used a special arrangement of low power microwave setting
with short time pulse. In the microwave heating system, an increase can be observed in
temperature by antenna effect on the metal electrode solution interface (i.e. solution
fraction at the vicinity of electrode). Shigemesa et al.34 used semiconductor material to
fabricate heated electrode, which is embedded in a ceramics layer by layer, where
microwave irradiation was utilized resulting in adsorption of microwave radiation.
Microwave assisted heated electrode has been used in electro analysis. In situ
heating aid to increase current, that can be used for the detection of analyte molecules.
Forster et al.35 utilized the microwave assisted capillary electrophoresis, and it gave high
detection sensitivity. Microwave assisted heated electrodes were also used to study
accumulation and stripping phenomenon described in detail by Cutress et al.36 In
addition, electrochemical reactions accompanied by chemical reaction (i.e. ECE) were
studied with high intensity microwave radiation.37
The inherent limitations of microwave assisted in situ heating in aqueous solution
is that solvents could be heated by microwave radiation, via dielectric heating.38 Because
of the dielectric heating and relaxation processes heat is generated in the bulk of aqueous
and nonpolar solvents.39 That heat could give rise temperature throughout the cell, make
the cell more isothermal rather than non-isothermal. Moreover, at highly intense
microwave irradiation, fragmentation of organic molecules occurs because of very high
energy density within the very thin diffusion layers.37 The major disadvantage of
microwave heating electrode by antenna effect is that there are uncertainties on true
temperature at electrode surface. Microwave heating also affects the counter and
5

reference if electrochemical cells contains counter, reference and working electrode in
same vessel. Hence, reference and counter electrodes should be kept separate from the
working electrode, which makes a bulky cell. Therefore, alternative in situ heating
methods are needed to study electrochemical phenomena at the heated electrode.
1.2.2

Heating by laser illumination
When a highly intense laser beam is imposed on a surface, it activates the

electrode surface by removing passivating elements from the electrode surface or by
supplying extra energy needed for the activation energy. Akkermans et al.33 first studied
laser activated voltammetry by NAD-YAG laser beam. Before utilization of laser heating
method, laser was used as a means of pretreatment of metal electrodes and
microelectrodes.28 The in situ cleaning process is also applicable for carbonaceous
materials40 and plastic deformation of metal surface that increases metal dissolution.41 As
laser was mainly used as a cleaning technique of electrode, Compton later utilized this
technique for voltammetric measurement with in situ electrode cleaning by removing
passivating agents from electrode surface. He also determined diffusion coefficients of
passivating materials from an electrode surface during laser heating.42 In the laser heating
process, a temperature jump was observed due to double layer relaxation process, which
could be explained by introducing the Sorret effect. It also could give information of
solid conducting polymer properties by providing information about the charge carriers
(holes or electrons).7 In recent years, heating by laser technique has become fundamental
to study electrochemical reactions such as hydrogen evolution reaction,43 selective
removal of material from sensor or electrode,44 iodide oxidation,45 deposition and
6

stripping of iridium and platinum on titanium electrode.46 Improved in electrochemical
sensors were reported using the laser heating method. Different types of working
electrode material were reported as a sensors such as platinum,47 carbonaceous materials
such as glassy carbon and diamond, graphite,48 and micro disc electrode, carbon fiber
microelectrode.49 However, this technique is limited by the complicated nature of the
system, expense, inconvenience to use. Among the intricacies of the system, the effect of
laser beam at the diffusion layer, metal solution interface, etc. are not fully understood.
New means of heating method should be developed to study non-isothermal cell and its
applications.
1.2.3

Resistive or Joule heating
Two types of Joule heating processes have been reported until now: direct heating

and indirect heating.7 These techniques are termed as hot wire electrochemistry. For the
simplicity of the instrumentation, it has gained more popularity than other techniques that
are discussed above. This technique was developed in 1960s, then it was adopted by
Gründler.50 Joule heating can be used in three electrode cell system, and is also usable to
study electrochemical reactions.51 In Joule heating, the electrode shape can be varied; the
working electrode can be fabricated either in disc shaped printed in ceramics,52 or in
cylindrical wire wrapped with copper gauge wire.53 Unlike the isothermal heating system,
where only mass transport limited current are responsible, in the heated wire electrode
there is a thermal gradient between the electrode solution interface and bulk which
creates thermal convection and increase mass transport current.50 Increase current at the
heated electrode made it to use as an analytical tool,54 to study bio-sensing,55 DNA
7

hybridization,24 and heavy metal analysis.53,56 Although this has wide applicability, Joule
heating process is very slow, a significant time is required to generate heat at electrode
surface. Induction heating overcomes this limitation. In this thesis an induction heating
system adopted as an in situ heating tool to generate heat at platinum and gold electrode

8

1.2.4

High frequency induction heating
Induction heating techniques are very old and have been widely used to heat or

melt objects in industry. This heating method was first employed by Albert in 1910s.57
Initially, induction heating was employed on iron and steel to melt and then centrifuging
was used to purify the melted materials.58 Induction heating method is usually used for
hardening steel, aging iron, steel, and other metals.59,60 Although obtaining tremendous
application in industry a long time ago, this is a new heating method for non-isothermal
heating method in electrochemistry. A special arrangement (i.e. high RF frequency
current) is needed to heat smaller workpiece (e.g. electrode) to electro-analytical
applications. Among the related studies, several techniques have been developed for
induction heating of micro electrode by Gründler.61 Compton et al.61 did pioneering
works in study of electrochemical phenomenon using induction heating, that is a direct
heating of working electrode in flow cell. In that study, he used [Fe(CN)6]3-, [Fe(CN)6]4-,
and [Ru(NH3)6]3+ redox species to characterize a working electrode.
Induction heating method was first applied in electrochemistry to
electrodeposition of gold on tantalum by Gilder et al.62 The induction heating is
applicable to studies in electrochemical studies trace metal analysis, catalysis, sensing,
and bio-sensing. Buzon et al.27 used induction heating in a fuel cell to enhance catalytic
activity. Due to the high temperature ramp, induction heating is used for making
monolayer graphene sheet on to the platinum and copper substrates. This technique is
much more rapid than the traditional vapor deposition method of graphene synthesis.63
Arrotin et al.64 used electrodeposition method to make copper nanoparticles on to the Ni
9

electrodes assisted by RF induction method. Miniature version of induction heating was
also reported, where enhance detection sensitivity as a sensor. Woo et al.65 invented a
battery cell manufacturing induction heating tool, where both electrode and an induction
coil were printed in plastic board, performed as a sensor.
Our lab developed an inexpensive, easy to use, and tunable RF induction heating
system that has allowed us to study electrochemical phenomena such as oxygen reduction
reaction (ORR), activation of electrode surface by stripping passivating substance, and
scanning electrochemical microscopy (SECM) tip and substrate. In this thesis, the
induction heating properties of different metals and glassy carbon were studied. Platinum
(r = 0.125 mm) and gold (r = 0.125 mm) electrodes were studied to investigate induction
heating phenomena using [Ru(NH3)6]3+redox mediator. Voltammetry techniques such as
cyclic voltammetry (CV), linear swept voltammetry (LSV), and temperature pulse
voltammetry (TPV) were used to investigate the heating properties of inductively heated
electrode and applications. Oxygen reduction reaction (ORR) was investigated using an
inductively heated platinum (r = 0.125 mm) electrode.
1.3
1.3.1

Fundamental theory
Thermodynamics and kinetics of non-isothermal cells
Electrochemical cells have several variables such as current, potential, and

temperature. The temperature has effects on reaction kinetics, mass transfer, and
thermodynamics of a cell (e. g. free energy, potential, equilibrium constant). Potential is a
term that is used in electrochemical cells that is not equivalent with voltage. Voltage is
the potential difference between two points. If a two-electrode system is considered in
10

both isothermal or non-isothermal cell, electromotive force (i.e., potential difference) of
those cells is somewhat different. Because the entropy change at both electrodes is
different, and this change is contingent upon the internal properties of those electrodes. In
the standard or non-standard condition, the potential of any electrode is measured versus
a standard hydrogen electrode (SHE). Although this is a potential difference, it was
named as the electrode potential because half-cell potential for the SHE defined as zero.
Note that potential is independent of temperature, if and only if, a single point
measurement is considered. However, if the entropy terms are considered, the previous
statement is not valid. In truth, the measured potential will change in case of nonisothermal electrochemical cells. All types of chemical or electrochemical reaction free
energies (ΔGo) are associated with entropy, which can be expressed by the following
equations
∆1  = ∆  + ∆(
 =

?∆@ A
BC

(1.1)
(1.2)

where standard free energy change (∆1  ) is expressed in terms of enthalpy of a reaction
(∆  ), temperature (), and change in entropy (∆(). According to equation (1.2),
electromotive force (  ) corresponds to the free energy change (∆1  ), number of
electron transferred (n), and Faraday constant (). Temperature at a inductively heated
electrode can be calculated using temperature coefficient (∆/Δ). Typical temperature
coefficient and entropy shift is shown in Table 1.1.
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Table 1.1

Temperature coefficient of known redox species.

Redox couple
Co(bpy)3+ / Co(bpy)2+

Ferrocene /
ferrocenium

Solvent
Water
Formamide
N-Methylformamide
Acetonitrile
Propylencarbonate
Water
Formamide
N-Methylformamide
Acetonitrile
Propylencarbonate
DMSO
DMF
Nitromethane
Acetonitrile
Acetonitrile

Fe(CN)6]3- / Fe(CN)6]4Ru[(NH3)6]3+

Water
Water

Co(phen)3+ /
Co(phen)2+

Supporting
electrolyte
0.1 M LiClO4
0.1 M LiClO4
0.1 M LiClO4
0.1 M LiClO4
0.1 M LiClO4
0.1 M LiClO4
0.1 M LiClO4
0.1 M LiClO4
0.1 M LiClO4
0.1 M LiClO4
0.1 M LiClO4
0.1 M LiClO4
0.1 M LiClO4
0.1 M NBu4PF6
0.1 M NBu4PF6
0.1 M KOH
0.1 M KOH

∆( /
(J mol-1 K-1)
92.10
117.2
157.0
180.0
192.6
92.10
117.2
142.4
180.0
175.9
198.9
203.1
240.8
-

∆/∆ /
(mV K-1)
0.9566
1.2166
1.6366
1.8766
2.0066
0.5066
1.2166
1.4866
1.8766
1.8266
2.0666
2.1066
2.4966
0.8067
0.8067
1.6068
0.4637

Table value was adopted from a literature review.7

In modern thermoelectrochemistry, the electrochemical Peltier effect69 and
thermal diffusion are important consideration. In a non-isothermal electrode system,
charge transfer is associated with heat transfer between electrode and solution. Thermal
diffusion can be determined by microcalorimetry.70 Electrochemical Peltier heat is (П)
related to the change in entropy of electrochemical oxidation and reduction reaction.
Electrochemical reactions at different temperatures can reflect the entropy.7
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П = − (∆() + ∆( ∗ )

(1.3)

∆() = () − (*G + (

(1.4)

where () is the entropy of oxidant, (*G is the entropy of reductant, and ( is the
entropy of the transferred electron. The entropy change number of a species is associated
with a transport number.
∆( ∗ = ∑

HI JI∗
JI

+ (∗

(1.5)

where (,∗ is the entropy and +, is the transport number of species j that participate in the
electrochemical reaction.
Heated electrodes directly affect the electrode-electrolyte interface. For example,
the electrochemical diffusion layer thickness (δ), capacitance (C), and chemical potential
(µ) are largely temperature dependent. Voltage difference between either side of double
layer (i.e. bulk and electrode surface) is almost megavolts per meter.71 The Inner
Helmholtz layer theory was developed by Helmholtz, then Grahame modified it.72
Grahame’s theory is applicable to the adsorption of material on the electrode surface and
the effect of electrolyte solution on the diffusion layer. Later he described the Gibbs
adsorption phenomena between the metal and solution interface. Gibbs adsorption
phenomena explain the double layer capacitance with the chemical potentials (µi).
6 = −∑ГKμ3 − &K(:; − :! )
where σ is surface tension, φm and φs are the inner potential of metal and solution
respectively, Г is surface coverage of electrolyte & is the charge, d is the electrode
diameter.
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(1.6)

Electrical double layer is affected when temperature is changed. The temperature
dependencies of double layer formation on cadmium single crystal has been studied.73
Their study concludes that dipoles of water H2O molecule orient on the electrode surface
and form the inner Helmholtz layer (IHP). When the electrode surface temperature
increased in the electrode surface, it disturbs the diffusion layer and, as a result, the
diffusion layer thickness decreases with increasing temperature. They showed that
entropy change between the entropy of formation of inner and outer diffusion layers
increases with increasing temperature at electrode surface. Furthermore, entropy change
in IHP can be extended by Grahame’s theory to determine the temperature effect on the
diffusion layer. According to the Sorret effect, ions tend to move from hot to cold places
in the electrical double layer. High temperature at electrode surface should have a
significant impact on the double layer region variable (i.e. viscosity, convection,
enhanced diffusion). These factors contribute to the enhancement of limiting current in
non-isothermal cell where current density is a function of potential.74
Temperature also affect the rate constant (k) of the oxidation or reduction
processes as following ways:
 =  ?

MN O PQM
RS

(1.7)

where  is the activation energy, T is a symmetry of transition state. Briefly, elevated
temperature at electrode surface effects to the thermodynamics and the kinetics of
electrochemical reactions. That is reflected through the half-wave potential shift,
increased limiting current. It can be concluded that rate of reaction, exchange current,
limiting current, entropy, is affected by elevated temperature.
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1.3.2

Current at microdisk and ultramicrodisk electrodes
In both macro-electrode and ultramicroelectrode (UME), current is governed by

diffusion, convection, and migration. As shown in Figure 1.1, at embedded large
(millimeter diameter range) disk electrodes and ultramicroelectrodes, mass transfer by
diffusion occurs in two ways: planar diffusion, and convergent diffusion. Planar diffusion
is a predominant part of mass transfer at the bulk size disk electrode (Figure 1.1A), and
convergent diffusion is seen in UME (Figure 1.1B). Thus, sigmoidal shaped
voltammogram is common at UMEs. Figure 1.2 shows a sigmoidal shape at an
ultramicroelectrode. Figure 1.3 is peak shaped cyclic voltammogram for larger size
electrodes. One dimensional linear diffusion is responsible for the peak shaped
voltammogram.75 Current at platinum (r = 0.125 mm) is governed by mixture of planar
and convergent diffusion (Figure 1.2 and 1.3.

Figure 1.1

Diffusion at disk electrodes: (A) Planar diffusion at a macro-disk electrode,
(B) hemispherical or convergent diffusion at an ultramicroelectrode.
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Figure 1.2

CV obtained at Pt (r = 5 µm) ultramicroelectrode at 5 mM ferrocene
methanol in 0.1M KOH supporting electrolyte. Potential scan rate 30 mV/s.
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Figure 1.3

0.4
0.2
0
E / V vs Ag/AgCl/KCl (3M)

CV obtained at Au (r = 0.250 mm) in 5 mM [Fe(CN)6]3-/4- solutions
containing 0.1 M K2SO4 supporting electrolyte. Potential scan rate 30
mV/s.
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Current (I) at any transient at both macroelectrode and ultramicroelectrode has
been discussed by Aoki et al.75 In the steady state condition, diffusion controlled current
( ! ) at ultra-micro disk electrode (UME) is expressed as
!

= 4V$ ∗ 

(1.8)

where n is the number of electrons transferred, F is the Faraday constant, 96485 C/mol,
C* is the bulk concentration, a is the radius of electrode. The expression holds for linear
sweep voltammetry (LSV) for both macro electrodes and ultramicroelectrodes. Current in
LSV can be expressed as.76
W

"\

h

= (]^) _i ( ) `aℎc d
XBYZ ∗ [
where

"\ )
e

f

− cg K

(1.9)
m

= 4(+ − j)/c, p is the dimensionless parameter, and k = $F( −   )/R
=d

BY\ o
*[

]/c

g

(1.10)

where  is the diffusion coefficient.  can be determined experimentally from the
following equation.76
Wp

XBCq ∗ [

]]

= 0.34 ?c exp(−0.66) + 0.66 ?c − 0.13 ?c exp d− " g + 0.351 

(1.11)

where Im is the maximum current. Dimensionless parameter (p) can be determined using
experimental maximum current (Im) by Newton’s method. Aoki et al.75 showed that large
values of  explain the maximum current at larger disk electrode. Whereas, small p
values explain the steady state current for microelectrodes. Equation 1.9 approaches
equation 1.8 at small p. Obtaining the p value from an experimental result (i.e. maximum
current (Im), allows an estimate of type of diffusion is responsible at any size of disk
electrodes.
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1.3.3

Principle and theory on induction heating
The induction heating process where a workpiece wire is wrapped with an

induction coil is shown in Figure 1.4. In the induction heating processes, two phenomena,
eddy current and hysteresis loss, are responsible for the heating of workpiece. According
to Faraday’s law, when an alternating voltage is applied to the induction coil it induces an
alternating magnetic field in the workpiece, which opposes the change in the direction of
magnetic fields. This change in alternating flux in the work piece creates a current called
eddy current. Due to the resistance and high current density in the small work piece, heat
is generated, called Joule heating. When a ferromagnetic material is used as a work piece,
both magnetic hysteresis and eddy current occurs, and by this process energy is
conserved as heat.
A magnetic field is generated in the workpiece from coil and this can be
calculated using Ampere’s law
∮  · Kz = 2 ·

(1.12)

where B is the magnetic field strength, 2 is the magnetic permeability in vacuum, the
value of which is set as 4V × 10?| henries per meter (H m-1). According to Lenz’s law,
the magnetic field opposes the induced magnetic field or resists the change. This change
is dependent on the magnetic flux (Ф} ) that changes with time.
~ (.) = −

GФ
GH

(1.13)

The eddy current that is generated at the electrode surface dissipates as heat. According
to Joule’s law=

\
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*

(1.14)

where V is the potential difference, R is the resistance, and H is heat. The amount of heat
produced in the metal electrode depends on its physical properties, such as relative
magnetic permeability (24 ), conductivity, and resistivity. The more resistive property the
more heat is produced by eddy current. In the induction heating, skin depth should be
taken as consideration. Due to skin depth effect a high frequency current is needed to
generate heat at small diameter workpieces. Generally, heat is generated due to eddy

Figure 1.4

Induction heating processes, eddy current, and alternating magnetic field
contribute to produce heat.

magnetic permeability (24 ), conductivity, and resistivity. The more resistive, the more
heat is produced by eddy current. Generally, heat is generated due to eddy current density
found in surface of metal electrode within the certain depth, is called skin depth (0! ) as
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shown in equation 1.17. Current density decreases exponentially from surface to deeper
part of the work piece. It can be expressed by the following equation=
where I is the current in any depth (d),

!

!

?




(1.15)

is current in the surface. Alternatively, the skin

depth can be defined as where more than 80% current is present from surface to depth.
The skin depth depends on the workpiece physical properties. It is as follows-equations
1.16 and 1.17
0! = 

(1.16)

A

]

0! = 

A

(1.17)

where 5 is specific resistance. < is the angular frequency of AC,  is frequency of AC,
and 6 is conductance. In our induction heating arrangement, specific inductance was
calculated to find out the resonance frequency (f). The capacitor () and inductor (#)
were arranged in parallel and this arrangement was connected to a RF voltage source.
Figure 1.5 shows this schematically. The resonance frequency (f) can be calculated by the
following formula
]

 = c√Z
There is another factor in the internal circuit that is responsible for changing
resonance frequency. In our arrangement length of coil is fixed, the value # largely
depends on the types of workpiece. Resonance frequency is shifted according to the
intrinsic properties of workpiece.

20

(1.18)

Figure 1.5

Schematic diagram of LC circuit

Inductance (#) value depends on the properties of metal, especially relative
magnetic permeability (24 ). Dependence of inductance on relative magnetic permeability
is expressed as:
#=

 \  A 


(1.19)

where N is the number of turn in induction coil, l is the coil length, 2 is the magnetic
permeability in vacuum, A is the cross-sectional area of induction coil. For ferromagnetic
materials with high relative magnetic permeability, it predicts a higher inductance value,
hence lower resonance frequency. Table 1.2 shows some magnetic permeability of metals
that were used with induction heating in chapter II.
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Table 1.2

Values of relative magnetic permeability of metals and glassy carbon

Material
Relative magnetic permeability
Vacuum
0
Silver
1
Platinum
1
Copper
1
Gold
1
Aluminum
1
Lead
1
Nickel
600
Iron
5000
Stainless steel
500
Glassy carbon
2.1
Platinum-iridium alloy
1.0
Relative magnetic permeability values adapted from CRC Handbook of Chemistry and
Physics.77
1.4

Motivation
Recently, in situ heated electrodes have gained significant attention for

applications in studying non-isothermal electrochemical systems. As previously
described, in situ heated electrodes can be used to gain insight on the temperature effects
for numerous electrochemical processes, including: electro-catalysis, sensing, biosensing, and trace metal (stripping) analysis. Different heating methods (e.g. microwave,
laser, resistive, dielectric, and inductive heating) for in situ thermoelectrochemistry have
been developed to date. However, many of these heating techniques are expensive,
require bulky instrumentation, and involve difficult electrode and cell fabrication
procedures. In addition, some techniques (e.g. microwave, resistive, and induction
heating methods) have traditionally been non-compatible with other types of
instrumentation (i.e. scanning probe microscopy). Therefore, in situ heating methods
which can overcome these limitations are urgently required for the future success of this
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field. For example, the successful development of a heating method, that alleviates prior
limitations, would be useful for nearly every type of potentiometric
thermoelectrochemical technique.
In our lab, we have developed a novel induction heating system; that allows us to
fabricate (and inductively heat) macro-, micro-, and ultramicroelectrodes using simple
fabrication procedures. The induction heating processes generates rapid heating of the
fabricated electrodes near their surface which allows for in situ thermoelectrochemical
experiments to be performed. In addition, by carrying out temperature pulse voltammetry
(TPV), we can thoroughly characterize thermal and cooling transients of the fabricated
inductively heated electrodes. Applications of these electrodes and our novel heating
system show promise for developing in situ heated electrodes for sensing devices in the
future. Furthermore, due to our electrode design, these inductively heated electrodes
could have potential application in future studies on sensing and electro-catalysis.
1.5

Thesis outline
In this thesis, a novel induction heating system was utilized to study the heating

phenomena at inductively heated platinum and gold electrodes. This study includes: (i)
characterizing the induction heating properties of different metals and glassy carbon, (ii)
fabricating novel microelectrodes compatible with our home-built induction heating
system. (iii) utilizing the induction heating system to study the thermoelectrochemical
behavior of heated Au and Pt microelectrodes, (iv) investigating the thermal transients at
platinum and gold electrodes using temperature pulse voltammetry (TPV), (v) examining
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applications of an inductively heated platinum electrode for oxygen reduction reaction
(ORR) in acidic and alkaline media.
Chapter I of this thesis provides a historical review of isothermal and nonisothermal thermoelectrochemistry. Herein, different heating methods (i.e. microwave,
laser, resistive, and induction heating) and their limitations have been discussed. In
addition, the fundamental principles and theories of temperature characterization for
heated electrodes, the diffusion on planar macro and microelectrodes, and induction
principles, are presented.
In Chapter II of this work, the induction heating properties of different metals and
glassy carbon workpieces are studied. This chapter is divided into two parts. The first part
describes the heating properties of work pieces, and second part describes the heating
calibration and current transients on inductively heated Pt electrodes. In addition, the
induction heating instrumentation, heating technique, fabrication of induction heated
electrodes, and thermoelectrochemical experiments for electrochemical temperature
calibration at permanently heated electrodes is discussed.
Chapter III introduces the principles of temperature pulse voltammetry (TPV) and
its required instrumentation. The TPV procedure and results using induction heated
platinum and gold electrodes will be discussed thoroughly. The results of TPV studies are
then used to describe the heating process of fabricated Pt and Au electrodes.
Chapter IV focuses on the application of inductively heated platinum electrodes
for studying the oxygen reduction reaction (ORR). Furthermore, data analysis has been
used to describe the mass transfer properties of induction heated electrodes during ORR.
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It has been shown that convection, as well as an increase in diffusion, are present at
heated electrodes. The temperature effects on the catalytic activity of platinum for ORR
is also discussed. Lastly, a general conclusion and scope of future works using our novel
induction heating system is provided.
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CHAPTER II
HEATING PROPERTIES OF METAL WORK PIECES AND ELECTROCHEMICAL
CHARACTERIZATION OF AN INDUCTIVELY HEATED PLATINUM
ELECTRODE

2.1

Introduction
Electrode materials (i.e. glassy carbon, gold, platinum, iron, platinum-iridium

alloy, aluminum, stainless steel, copper, galvanized steel, silver, cadmium, and lead) are
used in electrochemical measurement. Iron,78 galvanized steel and stainless steel79 are
used for electrochemical corrosion studies. Platinum,80 glassy carbon,81 gold,82 platinumiridium,83 and silver84 are used as sensing and bio-sensing materials. Those materials can
also be used as electrocatalyst.85–89 This chapter deals with the, heating property of these
work pieces will be investigated through the induction heating processes. Fabrication of
inductively heated electrode would be useful in the investigation to electrochemical
behavior toward electrocatalyst, sensing and bio-sensing, corrosion studies, energy
storage.
Platinum is widely employed in electrochemical studies due to its chemical
inertness and catalytic activity. Specifically, it is shown to have high catalytic activity for
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the hydrogen evolution reaction (HER), hydrogen oxidation reaction (HOR), oxygen
reduction reaction (ORR).85 However, the activity of Pt has been shown to be
temperature dependent, due to thermodynamic and kinetic factors, and researchers have
been exploring new methods (e.g. laser-, microwave-, induction-, resistive-heating) of
studying the effects of temperature on this material. Induction heating is especially
appealing since it is a “non-contact” heating method and simple to design. Compton et al
were the first to study RF induction heating of a Pt foil electrode using a specially
designed flow cell system.90 However, this system required both counter and reference
electrodes to be stored away from the working electrode (i.e. outside of the area to be
heated) and, as a result, the system could not be miniaturized. Since temperature is an
important feature (i.e. for analytical measurements the temperature must be known
exactly) of heated electrodes, Qiu et al.61 carried temperature calibration and
thermodynamic studies by employing the temperature dependent shift in the half-wave
potential using the [Fe(CN)6]3-/4- redox couple. Alternatively, temperature could be
measured using different tools (e.g. thermometer, thermocouple), however, the heat
generated at the electrode can differ considerably from its surface to nearby regions (i.e.
double layer and bulk solution) resulting in difficulty if a thermocouple was employed as
a probe.
The entropy (∆() of a system will change with a change in temperature (∆); for
electrochemical systems this results in a temperature dependent potential shift of
reversible redox couples when conducting cyclic voltammetry (CV), linear sweep
voltammetry (LSV), or temperature pulse voltammetry (TPV) studies. To date, there exist
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only a few, well studied, reversible redox couples and supporting electrolytes that can be
utilized in temperature calibration experiments. The temperature at an electrode surface
can, therefore, be measured using the temperature coefficient of a redox couple. Compton
et al demonstrated that [Fe(CN)6]3-/4- redox system has temperature coefficient (K/K)
of 1.6 mV/K.91 The temperature coefficients for several other redox couples (i.e.
ferrocene, [Ru(NH3)6]3+/2+, [Co(bpy)3]3+/2+, and [Co(phen)3]3+/2+ ) in aqueous and nonaqueous systems were also reported by Compton et. al.33 [Ru(NH3)6]3+/2+ advantageously
employed for studies taking place over long periods at high temperature since it is less
prone to foul metal electrodes.
In this study, metals and glassy carbon used to investigate the potential candidates
for heated electrodes. Electrochemical behavior of the gold (r = 0.250 mm), and platinum
(r = 0.125 mm) electrodes was studied using [Ru(NH3)6]3+, and [Fe(CN)6]3-/4- redox
species.
2.2

Chemical and Reagent
All chemicals and reagents used in this study were reagent grade or better and

used as received. The glassy carbon rod (diam = 1 mm), gold (diam = 0.5 mm, 99.99%),
nickel (diam = 0.25 mm, 99.98 %), copper (diam = 1 mm, 99.9%), platinum (diam = 0.25
mm, 99.998%), iron (diam = 1 mm, 99.9%), cadmium (diam = 0.25 mm, 99.98 %),
aluminum (diam = 0.5 mm, 99.999%), and lead (diam = 0.25 mm, 99.9%) work pieces
were purchased from Alfa Aesar. The platinum-iridium alloy (diam = 0.25 mm, 75:25%)
was from California Fine Wire Co. Stainless steel (diam = 1 mm) and galvanized steel
(diam = 0.5 mm) were from Fowler. The silver wire (0.5 mm, 99.98%) was from
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Goodfellow. Alumina polishing agents (15, 5, 1, 0.3, 0.1, 0.05 µm Al2O3) were purchased
from Leco Corporation. Chemicals included, potassium chloride (Sigma-Aldrich),
potassium sulfate (Aldrich), Hexaammine ruthenium (III) chloride (Strem Chemicals),
sulfuric acid (trace metal grade, Fisher Chemicals), nitric acid (Baker), Epon Resin 828
(Miller Stephenson), triethylenetetramine (TETA) (Shell Chemical).
2.3
2.3.1

Experimental
Induction heating system design and fabrication
The induction coil was made from a piece of polyaminde/polimide coated copper

magnet wire (30 AWG, TemCo) coiled around a glass capillary tube. The glass
capillaries (0.3 mm ID and 1 mm OD, Sutter Instrument & Co) acted as a dielectric
separator between the induction coil and metal work piece.
Figure 2.1 shows a schematic of the electrical circuitry for the induction heating
system. The induction coil with inductance (L) and capacitor (C) were arranged in
parallel. A function generator (HP 3310A, 0.5-5 MHz) was connected to an RF amplifier
(Mini-Circuits, 0.1-1000 MHz, 35 dB gain) and an oscilloscope (PM 3367A, 10000
MHz, 100 MS/s) was used to monitor the frequency and amplitude of the excitation
signal. The output line of the RF amplifier was connected to home-built optical relay
switch (Wipftronics, 5 V on/off). The relay switch was controlled via a timer (PTC-23,
Omega) or digital controller (NI-62211, National Instruments). A one-to-one bifilar
transformer was placed between the amplifier and LC tank to act as an isolation
transformer. An M-series polyester and foil capacitor (200 V, 0.033-0.08 μF, ECQM2333KZ, Panasonic) was used in the LC tank. Figure 2.2. show a photograph of the
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actual heating system used in this study. Table 2.1 shows an induction coil parameter of a
experiment.

Figure 2.1

Electrical schematic of the induction heating system
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Figure 2.2

Photograph of the induction heating system.

Table 2.1

Summary of values used in induction heating

Description
Number of turns in coil
Inner diameter of induction coil
Outer diameter of coil
Inductance of coil
Capacitance
Resonance frequency

2.3.2

Size / unit
4
0.11 mm
0.16 mm
0.203 µH
0.033 µF
2.63 MHz

Heating properties of metals and glassy carbon work pieces
In this present project, gold and platinum electrodes were fabricated and used in

electrochemical experiments. However, alternative metals/materials to Pt could be
potentially useful for fabricating induction heated electrodes to study their high
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temperature electrochemical properties. Therefore, several types of metals (section 2.1)
and glassy carbon were subjected to induction heating in our system and their induction
heating properties (i.e. maximum temperature change and heating rates) were examined.
A thermometer (Fluke, 51 II thermometer) and K-type thermocouple were used to
measure the temperature at the workpiece surface. The thermocouple was wound around
a small ferrite core to prevent interference from the RF signal during heating. An
induction coil (ID. 0.7 mm) was made from copper tubing wrapped around a glass
capillary, and a metal wire (or glassy carbon) workpiece was inserted to the capillary.
The thermocouple probe was placed in contact with the surface of the workpiece, just
adjacent to the induction coil, and temperature was measured at different resonance
frequencies. The resonance frequency is a function of inductance (L) and capacitance (C)
(equation 1.18). The inductance value was fixed in all experiments by using the same
induction coil throughout. The capacitance (and resonance frequency) was varied by
adjusting the capacitor bank. All experiments discussed herein were conducted under
ambient conditions.
2.3.3

Fabrication of an induction heated platinum electrode
Platinum metal electrodes have been fabricated into a wide variety of electrode

geometries (e.g. disk, ultra-micro disc, cylindrical, and array) that have been employed in
electrochemical measurements and catalytic studies.92–95 However, a limited number of
works were reported on heated disk-shaped electrodes.96 Initial temperature
measurements made with a thermocouple probe indicated that platinum had reasonable
heating properties when heated with the induction heating system. In addition, the
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excellent chemical properties (e.g. inertness and catalytic activity) of Pt made it a suitable
material for electrode fabrication. An illustration of fabricated Pt disk electrode is shown
in Figure 2.3. The electrode was prepared via the following steps. First, a small piece of
Pt wire (r = 0.125 mm, length = 1 cm) was obtained and soldered onto a copper wire
lead.
The soldered wire was sequentially sonicated in deionized water and acetone (15
minutes each) to clean the electrode surface. The wire was then inserted into a glass
capillary tube and an induction coil (4 turns) was placed around the end; the grouping
was placed into rubber mold. Epoxy was freshly prepared from epoxy resin and
triethylenetetramine hardener (13:1), that was mixed under heating to ensure removal of
air bubbles from the resin. The epoxy was poured into a rubber mold containing the
induction coil and electrode grouping and left to set for 6 h at room temperature. After
setting, the electrode assembly was placed into an oven (130 ℃) for 12 h to further cure
the epoxy.
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Figure 2.3

Illustration of a Pt IH electrode.

Electrodes were sequentially polished using finer grades of silicon carbide abrasive paper
(400, 800, 1200) to remove epoxy from the electrode surface. Additional polishing, to
remove surface roughness, employed 15, 5, 1, 0.3, 0.1, 0.05 µm Al2O3. Electrodes were
examined after each polishing step using an optical microscope. photograph of the
completed electrode is shown in Figure 2.4.
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Figure 2.4

Photographs (a and b) of a fabricated Au (r = 0.125 mm) IH electrode
under magnification (20×). Optical micrographs of the fabricated Au (c)
and Pt (d) inductively heated electrodes (0.05 μm, alumina polish).

After the final polishing step was completed (i.e. 0.05 μm), the well-polished
working electrode was sonicated in HNO3 (1 M) solution for 10 minutes. For
electrochemical cleaning experiments a three-electrode cell, consisting of a Ag/AgCl
(3M, KCl), Pt wire (0.25 mm diameter) and Pt-disk IH electrode acting as reference
electrode, counter, and working electrodes respectively, was employed. The working
electrode was cycled in a H2SO4 (0.5 M) solution in a potential window (1.3 to -0.2 V)
sufficient for OER and HER. In potentiometric measurements, the working electrode was
held at 1.6 V for 20 s, followed by cycling (20 cycles) in the potential window of -0.2 to
1.3 V until a reproducible CV was obtained. The CV (Figure 2.5) obtained after
35

electrochemical cleaning matched well with the literature; showing characteristic
hydrogen adsorption/desorption waves (0 to -0.1 V), reduction of platinum oxide (0.8 V),
Pt surface oxidation (0.6 V), and water splitting (1.1 V). The home-built Ag/AgCl
reference electrode was slightly shifted (+29 mV) from the standard silver-silver chloride
electrodes.

Figure 2.5

Typical CV obtained at Pt (r = 0.125 mm) electrode in 0.5 M H2SO4
solution after electrochemical cleaning. Scan rate, v = 30 mV/s, 20th cycle.
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2.3.4

Temperature calibration of heated platinum electrode
The temperature gradient that arises at the interface of a heated electrode and the

electrical double layer (detailed discussion in 1.3.4) causes a temperature dependent
potential shift in the half-wave potential for reversible redox couples; from this property,
the change in temperature was measured for electrodes being heated with our induction
heating device. To use temperature as an arbitrary parameter, in in situ
thermoelectrochemical measurements, it is necessary calibrate each electrode employed
in the induction heating system as a function of the voltage and frequency of the
excitation signal. Electrodes were cleaned prior to each experiment; as previously
mentioned (section 2.3). The characteristics peaks that appeared in the CV were used to
measure, qualitatively, the electrocatalytic active surface area of the working Pt
electrodes. For temperature calibration experiments, a three-electrode cell was
constructed using a Pt disk (r = 0.125 mm) working electrode, a Pt wire counter
electrode, and a Ag/AgCl/KCl (3 M) reference electrode. The electrolyte consisted of
[Ru(NH3)6]3+ (10 mM) and K2SO4 (0.1 M) as a redox mediator and supporting
electrolyte, respectively. The potential window of 0.6 to 0.1 V was used in all cyclic
voltammetry measurements and a range of scan rates from 30 to 100 mV/s (in both
ambient and under heating conditions) were employed. In all heating experiments the LC
tank was fixed (i.e. 0.033 µF capacitor and 0.203 μH inductor having a theoretical
resonance frequency of 1.38 MHz) and the temperature was varied by adjusting the
voltage of the excitation signal. voltammetry data was obtained using excitation signals
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having voltages in the range of 10 to 35 Vpp. All temperature calibration experiments
were conducted on a BAS 100B electrochemical workstation.
2.4
2.4.1

Result and discussion
Heating characteristics of metals and glassy carbon work pieces
Initial heating experiments were carried out using various metals and glassy

carbon (GC) workpieces to determine those materials which can be heated in our
induction heating system. The goal of these experiments was to determine: (1) can the
materials be heated inductively, (2) The optimal heating frequency for each material, and
(3) which materials are most suitable for future electrode fabrication. In the induction
heating method, it is difficult to generate heat in small workpiece, because at low
frequency penetration depth increase. To overcome that situation, high frequency
alternative current is necessary to generate heat at smaller work pieces (e.g. diameter
range of micrometer to few millimeter). The resonance frequency of the LC tank having a
workpiece (i.e. short-circuited secondary) will have a shifted resonance frequency that is
related to the relative permeability of the workpiece (Equation 1.19). Therefore, in our
induction heating system, the resonance frequency depends upon three variables:
inductance (L), capacitance (C), and the intrinsic properties of the workpiece.
Manipulation of one of these variables can be used to tune the resonance frequency and
study the frequency dependence on the heating process. As shown in Table 2.2, the
resonance frequency of a fixed LC tank is shifted to lower resonance frequencies when
the workpiece has high relative permeability (shown in Table 1.2). Figure 2.6 shows the
resonance frequency dependence on the temperature change for the various workpieces
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studied herein. This was accomplished by changing the capacitor bank which shifted the
resonance frequencies. Metals (i.e. cadmium, lead, aluminum, platinum, and gold), and
glassy carbon show an increase in the maximum temperature with an increase in the
resonance frequency. It should be noted that this measured increase in temperature at
higher resonance frequencies could be due to the inherent limitation of thermocouple
probe measurements. For instance, at higher frequencies, the skin depth (equation 1.17)
becomes shallower and heating is more localized at the surface of the workpiece (i.e.
nearer to the thermocouple probe). The temperature-frequency trend is, however,
opposite for ferromagnetic material (i.e. Fe) as shown in Figure 2.6. This is because both
magnetic hysteresis and eddy currents are responsible for heat generation at Fe.
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Figure 2.6

Plot of the frequency dependent temperature change for metal workpieces.
Data was obtained from thermocouple probe measurements for the
different metals at resonance frequencies in the range of 1.3 to 2.9 MHz,
using 3 s (20 Vpp) excitation signal. Recorded room temperature 21.6 - 22.9
°C.

The heat produced in a workpiece is dependent on the amount of time that of
applied RF voltage (Vpp). However, it appears that the temperature rise approaches a limit
at longer times. Figures 2.7, 2.8, and 2.9 show the time dependent temperature
measurement data for metal workpieces at different frequencies. In Figures 2.7, 2.8, and
2.9 it is evident that some metals heat more slowly than others. For instance, ferric
materials (i.e. Fe, Ni, and carbon steel) show a rapid heat increase (>100 ℃ ) in the first 3
s while other materials (i.e. Au, Ag, Pb, Cd, Pt, glassy carbon and Pt-Ir) show less rapid
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heating <100 ℃. Longer heating experiments for Ni, Fe, and carbon steel were not
possible; since prolonged heating resulted in temperatures high enough to burn the
insulative coating of the induction coil.
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Figure 2.7

Temperature vs time plots for pulse for thermocouple heating experiment.
A) Applied RF voltage is 15 Vpp at 1.88 MHz, and (B) applied RF voltage
is 12.5 Vpp at 1.53 MHz. Recorded room temperature 22 ℃
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Figure 2.8

Thermocouple temperature measurement. A) Applied RF voltage is 15 Vpp
at 2.06 MHz, and (B) applied RF voltage is 15 Vpp at 2.38 MHz. Recorded
room temperature was 22.9 ℃.
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Figure 2.9

Temperature measurement by thermocouple thermometer. A) Applied RF
voltage is 15 Vpp at 2.78 MHz, and (B) applied RF voltage is 15 Vpp at 2.63
MHz. Recorded room temperature 21.6 ℃.
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Table 2.2

Table of induction heating resonance frequencies for various metals

Materials
Gold
Platinum
Aluminum
Silver
Glassy carbon
Carbon steel
Nickel
Platinum-Iridium
Iron
Galvanized steel
Lead
Cadmium

Diameter / mm
0.50
0.25
0.50
0.50
1.00
1.00
0.25
0.25
1.00
1.00
0.25
0.30

Resonance frequency / MHz
1.92
1.90
1.90
2.02
1.90
1.96
1.88
1.96
1.43
1.90
1.90
1.90

Temperature could be tuned by changing RF voltage. All temperature-time data
(Figures 2.7, 2.8, and 2.9) were obtained by carrying out separate heating experiments
(i.e. 1, 3, 5, 7, and 9 s) at each resonance frequency. The results of these initial heating
experiments demonstrate that every material employed in our induction heating system
can be heated to some degree. From these results, these workpiece materials could all be
potential candidates for induction heating electrodes with application in
thermoelectrochemistry studies. However, the most promising materials for in situ
thermoelectrochemistry studies are Pt, Au, and glassy carbon due to their chemical
inertness. Therefore, heated platinum and gold electrodes fabricated and employed in
electrochemical temperature calibration, temperature pulse voltammetry (TPV), and
variable temperature electrocatalysis experiments.
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2.4.2

Characterization of an inductively heated Pt electrode
In this section, in situ induction heating of a platinum electrode was applied to the

investigation of electrochemical properties. Platinum is the most studied electrode
materials for various catalytic,97 sensor,98 and bio-sensor applications.99 Here, I examined
the change in temperature in a platinum electrode using [Ru(NH3)6]3+ as a redox
mediator. In inductively heated platinum electrode a temperature gradient formed from
electrode-solution interface to bulk solution, and it was determined using[Ru(NH3)6]3+
redox species.
To determine the electroactive area of platinum electrodes, the charge associated
with hydrogen100 adsorption/desorption in 0.5 M H2SO4 solution (Figure 2.5) was
calculated. The calculated charge associated with the hydrogen adsorption is 0.3403 µC,
and the literature value of charge density for polycrystalline platinum electrode is 210 µC
cm-2.71 The actual and geometric surface area of fabricated Pt electrode is 1 × 10? cm2
and 4.97 × 10?X cm2 respectively. From geometric and actual area, roughness factor was
estimated as 2.04 and literature reported for Pt polycrystalline electrode is ≈ 2.71
In the Figure 2.10. a cyclic voltammogram and constant temperature pulsed
voltammogram were obtained at ambient and during induction heating conditions. As
shown in Figure 2.10, a CV scan collected during heating (curve b) shows an increase in
current further increases during a second heating scan (curve a). After the second heating
scan, the current reaches to a maximum value (a). The time needed to reach a constant
temperature at the electrode surface is responsible for these observed phenomena, as
discussed in section 2.4.1. Figure 2.10 also shows that, in the same potential window,
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when inductive heating was stopped, the maximum cathodic current achieved during the
second cycle, dropped from 1.3 mA cm2 (Figure 2.10a) to 1.0 mA cm2 (Figure 2.10c).
The current transition at 0.15 V (Figure 2.10) indicates when the induction heating was
turned off. These currents are higher than that achieved under ambient conditions (0.95
mA cm-2, curve c). This was observed because of the resistive heating of the induction
coil that heating the nonconductive epoxy. Thus, when heating was stopped, residual heat
built up in the induction coil and surrounding epoxy (due to resistive heating) diffuses to
the electrode surface. This gives rise to higher currents than are expected under ambient
conditions.

Figure 2.10

CVs obtained from Pt (r = 0.125 mm) induction heated electrode at 10 mM
[Ru(NH3)6]3+ solution containing 100 mM K2SO4 at, induction heating
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second cycle (a), induction heating first cycle (b), after induction heating
stopped (c), and ambient (d). v = 30 mV/s.
Figure 2.11 shows that current increased at the inductively heated platinum
electrode. The increase could be due to an increase in the diffusion coefficient at higher
temperature, an increase in convective transport, or a combination of both. It is needed to
calculate whether diffusion or combination of both convection and diffusion is
responsible for the increasing current for this reversible system. Diffusion coefficient
increases with the temperature,101 as viscosity of aqueous solution decrease and ionic
transport number increase. If diffusion is responsible, then what type of diffusion (planar
or convergent) is present at the small electrode (r = 0.125 mm) especially at high
temperature. In this experiment, only one redox species was present with the supporting
electrolyte (K2SO4). When a temperature pulse occurs, the assumption is that
[Ru(NH3)6]3+ comes to the surface by a higher diffusion rate and convection. This
increased mass transport will also transport away reduced species from the electrode
surface. Consequently, during the reverse scan, there is less reduced species present to
give an oxidation current. These phenomena are roughly observed from the shape of the
voltammogram at elevated temperature that are shown in Figure 2.11. As shown in
Figure 2.11, cathodic current increases at high temperature and anodic current decreases
compared to ambient condition. Thus, transport is enhanced at higher temperature.
Consequently, asymmetric deformation occurs in cyclic voltammogram. Figure 2.12
shows the increase in anodic and decrease in cathodic currents by 1.5 to 2 times
depending on applied voltage in induction coil. This is a consequence of high temperature
that increase the diffusion and convection from bulk to metal surface. Rotenberg et al102
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reported that both diffusion and convection are responsible for mass transfer of
electroactive species at steady state region at the non-isothermal cells.

Figure 2.11

CVs obtained at Pt (r = 0.125 mm) electrode in 10 mM
[Ru(NH3)6]3+solution containing 0.1M K2SO4 supporting electrolyte. Data
was acquired at room temperature (black) and with constant induction
heating. Scan rate, v = 30mV/s. RF voltage is 35 Vpp at 1.38 MHz.

Figure 2.12 shows a cyclic voltammograms at voltages of 35, 30, 25, 20, and 15
Vpp at 1.38 MHz. These voltages were measured using an oscilloscope (Figure 2.2) at the
RF amplifier output and can set in two different ways: moving off the resonance
frequency or changing the input voltage from function generator to amplifier. As shown
in Figure 2.12, limiting current increases with increasing applied voltage. At 35 Vpp, the
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current is increased the most. The observed increase in limiting current is consistent with
other electrode heating methods.45

Figure 2.12

CVs obtained at the Pt (r = 0.125 mm) disk electrode in a 10 mM
[Ru(NH3)6]3+ solution containing 100 mM K2SO4 at room temperature and
elevated temperature. Scan rate, v = 30 mV/s. RF amplitude (Vpp): 15, 20,
25, 30, 35 Vpp at 1.38 MHz

In addition to the increased the maximum current seen in Figure 2.11, another
important effect is also seen, a positive potential shift with heating. The half-wave
potential shift is due to the entropic effect discussed in section 1.2. The entropy shifts
with temperature is reported as a temperature coefficient. The temperature coefficient of
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[Ru(NH3)6]3+ species is 0.46 mV/K.29 This entropic shift allows to temperature change to
be measured from the half-wave potential shift (∆]/c) for single redox species
[Ru(NH3)6]3+. The temperature measured using this method at a platinum electrode is
shown in Table 2.3.
Table 2.3

Temperature change at the electrode surface with voltage.
Voltage / (V)

/ IH / V

35
30
20
15
10

-0.1176
-0.1201
-0.1274
-0.1317
-0.1350

∆/ /
V
34.00
31.50
24.15
19.89
16.60

∆ / K

/K

73.91
68.48
52.50
43.23
36.09

366.91
361.48
345.45
335.23
329.09

Note. Half-wave potential was determined as -0.1516 V at the ambient conditions

Table 2.3 shows that the maximum temperature is 366.91 K recorded at 35 Vpp
amplifier output at 1.38 MHz. However, in most of the following work, 20 Vpp RF wave
was used, which produced 345.45 K that was recorded at Pt (r = 0.125 mm) electrode
surface. Figure 2.10 shows that maximum current (curve, c) was not reached to an
ambient condition immediately, this behavior observed due to residual heat built up in
epoxy and induction coil that drained to the electrode surface even after induction heating
stopped.
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Figure 2.13

Plot of change in current density (j) vs temperature change (∆).

Previously it was assumed that both diffusion and convection contribute to the
current increases at elevated temperature. A question that arises is to what extent each of
these affect the current. Figure 2.13 shows that current density increases nearly linearly
until 55 ℃. However, at higher temperature (i.e. above 73 ℃) current density is not
increased linearly. A model is required to predict this behavior, and that can be obtained
from the data at different measurement timescale.
Figure 2.14A and 2.14B demonstrate the scan rate effect on the diffusion pattern
at room temperature and elevated temperature. At ambient temperature, mass transfer
governed at size the platinum (r = 0.125 mm) electrode by the convergent diffusion
(detailed discussion in section 1.3.2). At high temperature and lower scan rate curves
looks sigmoidal because of higher mass transfer from bulk to electrode solution interface.
Mass transfer process is governed by planar diffusion at large electrode. However,
52

convergent diffusion is dominant at ultramicroelectrodes (UME). Electrode size with a
radius of 0.125 mm behave as combination of large electrode and UME (detailed
discussion in Chapter I, section 1.3.2)

Figure 2.14

Cyclic voltammograms obtained at Pt (r = 0.125 mm) in 10 mM
[Ru(NH3)6]3+ solution containing 100 mM K2SO4 solution in scan rate
range of 10-100 mV/s at (A) room temperature; (B) 73 ℃ temperature.

In the following, I assume that the increase in current is only due to an increase in
diffusion coefficient at the higher temperatures. If the diffusion coefficient so calculated
is anomalously large, it suggests that my initial assumption was unlikely and that
convection must also play a role in the current increase. It can be assumed that at both
ambient condition and elevated temperature. whether only diffusion or combination of
diffusion and convection is responsible could be determined by the comparison of
diffusion coefficient at both cases. If it shows an anomalous result in diffusion coefficient
measured with the consideration of the fact that diffusion coefficient normally increased
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with increasing temperature then it can be concluded that diffusion is not the only process
of mass transfer, convection must be present.
The diffusion coefficient has been determined from the limiting current for CV at
a microelectrode and ultramicroelectrodes. Aoki et al.76 have showed that the maximum
current (
Wp

XBCZ ∗ [

;)

at an embedded disk electrode is fit by equation 2.1
]]

= 0.34 ?c exp(−0.66) + 0.66 ?c − 0.13 ?c exp d− " g + 0.351  (2.1)

where  is a dimensionless parameter,  ∗ is the concentration of species in mol/cm3, $ is
the number of electron transfer in the reduction reaction.
=d

BC\ o
*[

]/c

g

(2.2)

where  is the diffusion coefficient in cm2/s, v is the scan rate in V/s  is the radius. 
can be determined experimentally using equation 2.1.76
)" was calculated from data in Figure 2.14 using newton’s method from
equation 2.1 and plotted against - ]/c , as shown in Figure 2.15. Two straight lines for
inductively heated (dashed line) and ambient temperature (solid line) were obtained. Data
obtained at Pt electrode (a = 0.125 mm) follows the convergent diffusion at smaller
embedded disk electrode.76 At room temperature, the diffusion coefficient obtained for
[Ru(NH3)6]3+ is 7.46 × 10?^ cm2/s, similar to value of 6.4 × 10?^ cm2/s reported in
literature.103,104 At high temperature, the diffusion coefficient measured from the graph is
2.21 × 10? cm2/s, three times more than ambient condition.
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Figure 2.15

Plot of )" vs square root of scan rate for experimental data obtained at
normal temperature (solid) and elevated temperature (dash).

Diffusion coefficient at elevated temperature has been calculated using StokesEinstein equation (equation 2.3). Ignoring the other effect at high temperature, only
considering the viscosity of solution, diffusion coefficient is doubled from 23 ℃ to 73 ℃.
Viscosity of water could be determined at 346 K temperature by the following
approximate equation.105
\.

2() = 2.44 × 10? × 10(S)

(2.3)

where 2() is the viscosity at absolute temperature (). Using equation 2.3, viscosity at
23 ℃ and 73 ℃ is 9.46 × 10?X cm2/s and 4.11 × 10?X cm2/s, respectively. The diffusion
coefficient can be determined by using Stokes-Einstein equation.
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[()()


= a$`+$+

(2.4)

where () is the diffusion coefficient at temperature T.
Using equation 2.4 the calculated diffusion coefficient is 1.54 × 10? cm2/s at
346 K, almost two times higher than that of ambient condition. Figure 2.16 shows that
diffusion coefficients remain almost constant at ambient. At elevated temperature, it
decreased at higher scan rates. If diffusion is the only mass transfer process, then the
diffusion coefficient must be constant. However, it varies with scan rate. It can be
concluded that, there should be more than one mass transfer present for higher limiting
current, and convection is responsible for that.
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Figure 2.16

Diffusion coefficient vs square root of scan rate at room temperature (▲)
and elevated temperature (●).
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From the above discussion it can be concluded that: (i) induction heated electrode
at high temperature does not meet the criteria for diffusion only mass transfer (Figure
2.16), (ii) the calculated value of the diffusion coefficient, using assumption that only
diffusion is present, gives a higher diffusion coefficient value than expected. In the case
of the inductively heated electrode convective mass transport is partly responsible for the
higher maximum current
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CHAPTER III
TEMPERATURE PULSE VOLTAMMETRY AT INDUCTIVELY HEATED GOLD
AND PLATINUM ELECTRODES
3.1

Introduction
Inductively heated platinum (Pt) and gold (Au) electrode are now quick to heat,

easier to fabricate, increase the signal to noise ratio, and are convenient to use in
electrochemical studies.7 Heated platinum and gold electrode were used for trace analysis
of lead,53 mercury,106 and arsenic.56 To utilize and interpret thermoelectrochemical data
was necessary to thoroughly characterize the thermal properties (e.g. heating and cooling
rates) of fabricated Au and Pt electrodes. Temperature pulse voltammetry (TPV), an
electroanalytical technique first proposed and described by Gründler et al.,96 is analogous
to the pulse heating method for hot wire.31 It allows one to record a complete
thermoelectrochemical profile by reconstructing “sampled voltammograms” collected
during temperature transients. Temperature pulse voltammetry allow a closer look at the
temperature dependence electrochemical properties at the inductively heated Au and Pt
electrodes. A numerical treatment modelled a temperature current profile temperature vs
time curve at a TPV study on platinum electrode.107 Recently, Gründler et al.108 studied
the redox switching using TPV as a novel electroanalytical tool. He showed that at high
temperature a passivated Au surface is activated toward a larger electrochemical response
with high current. He also discussed that at short times (ms) temperature pulse

voltammogram results are peaked shaped, analogous to the differential pulse
voltammetry (DPV), however with longer pulses TPV generates sigmoidal shaped
voltammograms.
The basic operating principle of TPV is shown below (Figure 3.1). In this method,
a potential program (E) is applied as staircase voltammetry. After each potential step
(∆ from 10 – 100 mV), there is a delay period (+ ) to achieve diffusional equilibrium.
This equilibrium time is contingent upon the electrode size (i.e. the smaller the electrode
the less time is needed to reach equilibrium). Steady state current (

!! )

is collected over

certain period after equilibrium period (+ ) and then averaged. After collecting

!! ,

a

heating pulse is triggered. Current (¡¢ ) is collected during the thermal transient. After
each induction heating pulse, there is a cooling period (+q ). In this period, thermal
transient reaches ambient temperature. Then, another additional potential pulse applied,
and processes is continued on in same manner as described above. This TPV operating
principle and programming algorithm is analogous to that described by Gründler et al.7
TPV gives us opportunity to study the thermal and cooling transient at each
potential step. This chapter deals with the detailed operating principle of temperature
pulse voltammetry, programming algorithm, constructing TPV, and analysis TPV data.

Figure 3.1

Schematic representation of the basic principle of temperature pulse
voltammetry (TPV)

Note. iss is average sampled current before heating pulse at each potential step, tH is
heating pulse, ¡Z£¢ data acquisition in thermal transient, i is the sampled current, and t is
time
3.1.2

Chemical, electrodes and cells
In this experiment, reagent grade chemicals were used without further

purification. Chemicals: K2SO4 (Aldrich), K4[Fe(CN)6] (Aldrich), K3[Fe(CN)6] (Aldrich),
Ru[(NH3)6]Cl3 (Strem Chemicals), H2SO4 (Sigma-Aldrich) was used. Three-electrode
cell constructed with conventional Pyrex cell with Ag/AgCl/KCl (3M) reference (homebuilt), Pt (r = 0.125 mm) counter electrode, and Au (r = 0.25 mm) or Pt (r = 0.125 mm)
working electrode. Pt and Au wires purchased from Alfa Aesar. Electrodes were
fabricated as described in Chapter II.

3.1.3

Instrumentation
The basic instrumentation used for TPV experiments was like that described in

Chapter II (Section 2.3.1). However, an additional component, National Instruments (NI62211), was added for ADC/DAC data acquisition. The working electrode was connected
to the potentiostat (BAS CV-27), and the induction coil on the working electrode was
connected to the induction heating system (section 2.2) The schematic illustrating
operation and data acquisition for TPV experiments is shown in Figure (3.2). This
arrangement can be defined as three separate parts: (1) a digital to analog convertor
(DAC) / analog to digital convertor (ADC) data acquisition, (2) heating system, and (3)
potentiostat /cell. Individual components of the TPV arrangement have been described
previously: heating system (Chapter II, Section 2.3.1), data acquisition (Chapter III,
Section 3.1), and electrode fabrication (Chapter II, Section 2.3.3).

Figure 3.2

Schematic presentation of basic parts of TPV instrument.

3.1.4
3.1.4.1

TPV procedure
Temperature pulse voltammetry measurement for [Fe(CN)6]3-/4[Ru(NH3)6]3+ at gold electrode
Temperature pulse voltammetry principle described in section 3.1. Gold (r =

0.250 mm) electrode fabrication discussed in Chapter II (section 2.3.2). A potential
window of 0.1 to -0.3 V was chosen to acquire current sampled voltammogram. The
following parameters were chosen: equilibrium time (10 s), heating pulse (τH, 2 s),
cooling transient (τc, 20 s), cooling time (tcool, 30 s). Data was acquired as sampled
current over the thermal transient and cooling transient. Similar protocol was maintained
[Fe(CN)6]3-/4- and [Ru(NH3)6]3+ redox mediators. In this experiment 5 mM of each
[Fe(CN)6]3-/4-[Ru(NH3)6]3+ solution with 0.1 M K2SO4 supporting electrolyte used.
3.1.4.2

Temperature pulse voltammetry measurement for [Fe(CN)6]3-/4[Ru(NH3)6]3+ at platinum electrode
Here, TPV data acquisition is similar to the section 3.1.4.1. A potential window of

0.4 to -0.1 V was chosen to acquire current sampled voltammogram. The following
parameters were chosen: equilibrium time (10 s), heating pulse (¡¢ , 2 s), cooling transient
(τ¥ , 20 s), cooling time (tcool, 30 s). Data was acquired as sampled current over the
thermal transient and cooling transient. Similar protocol was maintained [Fe(CN)6]3-/4[Ru(NH3)6]3+ redox mediators. In this experiment 10 mM of each [Fe(CN)6]3-/4[Ru(NH3)6]3+ solution with 0.1 M K2SO4 supporting electrolyte used.
3.2

Result and discussion
Temperature pulse voltammetry allowed us to study thermal transient and cooling

transient at each potential step. The goal of this experiment is: (i) utilization of our lab

designed TPV at inductively heated platinum and gold electrode; (ii) calculate
temperature at a cooling transient. (ii) Construction of sampled current voltammogram.
Induction heating properties was tested using the [Ru(NH3)6]3+, [Fe(CN)6]3-, and
[Fe(CN)6]4- redox mediators. TPV at Au and Pt have been discussed here sequentially.
3.2.1

Temperature pulse voltammetry data analysis for [Ru(NH3)6]3+ at gold
electrode
In this present work, temperature pulse voltammetry was tested using

[Ru(NH3)6]3+ at gold electrode. Figure 3.3 shows a peak-shaped linear sweep
voltammogram at a gold electrode (r = 0.250 mm) at a slow potential scan rate (5 mV/s).
Figure 3.4 is a current vs time plot, which is plotted from the experimental (i.e. TPV)
value. In this experiment a 2 s induction heating pulse was applied at -0.2 V potential. As
seen the current increases to 0.78 µA. For this plot and following, we assign time zero as
the point at which the inductive heating stops. During heating, (Δtc < 0), the current
increased very rapidly. When heating stopped, the current decreased to 0.65 µA. This
transient is due to decreasing temperature at electrode surface. As shown in Figure 3.4,
there is also an increase in current from 7 s to 12 s. This fact is due to a heat pulse from
the residual heat that built up at epoxy layer and resistive heat from induction coil.

Figure 3.3

CV obtained at Au (r = 0.250 mm) in 5 mM [Ru(NH3)6]3+ solution
containing 0.1 M K2SO4 supporting electrolyte. Potential scan rate 5 mV/s.
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Figure 3.4

Current vs time plot, data obtained from before induction heating pulse to
20 s cooling transient at Au (r = 0.250 mm) in 5 mM [Ru(NH3)6]3+ solution
containing 0.1 M K2SO4 supporting electrolyte at E = -0.201 V. 1.54 MHz
RF with 25 Vpp heating pulse (2s) applied to the induction coil

Figure 3.5 shows the cooling transient in one second. In one second, most of the
cooling process is completed. After this time, the current goes back to 0.66 µA, 94 % of
peak current of thermal transient. Plots 3.4 and 3.5 were obtained at each potential step.
For comparison, the current just prior to the heating pulse at each potential step is plotted
versus potential to form a steady-state curve representing the non-heated electrode
(Figure 3.6, iss, black curve).
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Current vs time transient curve after heating pulse at Au (r = 0.250 mm) in
5 mM [Ru(NH3)6]3+ solution containing 0.1 M K2SO4 supporting
electrolyte at E = −0.201V. 1.54 MHz RF with 25 Vpp heating pulse (2 s)
applied to the induction coil.

The other curves in Figure 3.6 are reconstructed voltammograms by plotting the
current at a fixed-point relative to the end of the heating step, i.e. sampled current (at the
same time for each potential step) vs potential (). In this way, the sampled current is for
the same point in the cooling curve (and presumably at the same temperature can be
plotted to form a sampled thermal pulse voltammogram (TPV). Note that the TPV is
sigmoidal shaped and has better signal to noise ratio than the ambient temperature (iss)
voltammogram. Higher current than ambient is noted for more negative potentials. This
increase in current with temperature change may provide better detection limits for
electrochemical sensors.
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Figure 3.6

Typical current vs potential curves obtained from temperature pulse
voltammetry at Au (r = 0.250 mm) electrode at 5 mM [Ru(NH3)6] 3+ with
0.1 M K2SO4 supporting electrolyte. Data obtained at 10 mV increment
square wave voltammetry with a 2 s induction heating pulse. 1.54 MHz, 25
Vpp RF applied to the induction coil.

It is possible to calculate the surface temperature at each sampled current during
the cooling processes. And we can replace Δtc by specific value of temperature at each
transient point. Table 3.1 shows calculated temperature from half wave potential shift for
each sampled current (¡). From literature, temperature coefficient for [Ru(NH3)6]3+ is
0.46 mV/K.29 From the intercept of  vs log

3(G)?3(H)
3(H)

gives the intercept of half wave

potential.71 All half-wave potentials are shown in Table 3.1.

Table 3.1

Calculated temperature from the half-wave potential shift at IH gold (r =
0.250 mm) electrode.
/

Slope

∆/

iss

147.4

0.0587

-

-25

134.1

0.0562

25

141.3

75

∆(K) from
∆/
-

 (K) from
∆/
-

0.998

13.3

28.91

321.64

0.995

0.0585

6.1

13.26

305.99

0.997

143.0

0.0588

4.4

9.57

302.30

0.997

125

143.7

0.0600

3.7

8.04

300.77

0.998
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144.0

0.0600

3.4

7.39

300.12

0.998

375

145.3

0.0605

2.1

4.57
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0.998

525

145.9

0.0607

1.5

3.26

295.99

0.998
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146.3
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1.1

2.39

295.12

0.998
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146.8

0.0610

0.6

1.30

294.04
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0.0610

0.4

0.87

293.60

0.998

1075
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0.0613

0

0
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0.998

Time/ms

¬

Temperature at each Δtc on the cooling curve was calculated using temperature
coefficient of [Ru(NH3)6]3+ tabulated as absolute temperature (K). The temperature is
321.64 K at the peak of the thermal transient. At the cooling transient temperature trend
to decrease as shown in Figure 3.7.
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Figure 3.7

Temperature vs time curve calculated from the half-wave potential shift.

In Figure 3.8, the limiting current vs temperature is plotted using the results in
Figure 3.5 and 3.7.
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Plot of current vs temperature. The temperature was calculated from the
half wave potentials shift that shown in Table 3.1. Current was obtained at
E = -0.211 V

Temperature pulse voltammetry gives us idea about the temperature profile at Au
electrode surface. It shows current decreases with time in cooling transient, and current
increases at thermal transient time. It remains to develop theoretical studies to confirm,
whose (diffusion or convection, or both) constituent the increased current.
3.2.2

Temperature pulse voltammetry at [Ru(NH3)6]3+ at a platinum electrode
Temperature pulse voltammetry was performed at platinum electrode to

investigate heating phenomenon. When high radio frequency applied to platinum
electrode surface, it gives rise temperature at electrode surface through the eddy current.
Same procedures applied to the platinum electrode as it was in gold. Figure 3.9 shows

current vs time (∆tc) plot that was obtained from the steady state current before heating
pulse to cooling transient after heating pulse.
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Figure 3.9

Current vs time plot over 20 s cooling. Data obtained after temperature
pulse for 2 s at Pt (r = 0.125 mm) electrode in 10 mM [Ru(NH3)6]3+
solution containing 0.1 M K2SO4 supporting electrolyte. At E = 0.175 V,
1.38 MHz 20 Vpp RF voltage applied as heating pulse.

In Figure 3.9, near 10 s, there is higher current (0.33 µA) than steady state
current (0.316 µA) at -0.175 V. This fact is due to resistive heat that built up at epoxy is
drained into electrode surface, eventually gives enhanced current than ambient condition.
Figure 3.10 shows a constructed voltammogram from steady state current (black curve) at
each potential step.
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Figure 3.10

Typical current vs potential curves constructed from temperature pulse
voltammetry at Pt (r = 0.125 mm) electrode at 5mM [Ru(NH3)6]3+ solution
containing 0.1 M K2SO4 supporting electrolyte. Data obtained at 10 mV
increment square wave voltammetry with 2 s temperature pulse.

It also demonstrates that, at high temperature shaped of sampled current
voltammogram at maximum current region (i.e. -0.25 V) does not change, and gives
better signal to noise ratio, with current enhancement. Temperature at each cooling
transient was calculated using temperature coefficient of half wave potential shift of
[Ru(NH3)6]3+. This calculated temperature tabulated at Table 3.2.
Figure 3.12 is a temperature vs ∆+Z shows similar trend as well as 3.11. Current
vs temperature gives a linear trend, current increase with the temperature.

Table 3.2

Calculated temperature change from half-wave potential at the IH Pt (r =
0.125 mm) electrode.
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1
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18.91
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Figure 3.11

Current vs time transient curve after heating pulse at platinum (r = 0.125
mm) in 10 mM [Ru(NH3)6] 3+ solution containing 0.1 M K2SO4 supporting
electrolyte at E = 0.175 V. 1.54 MHz, 25 Vpp (2 s) RF was applied to the
induction coil.
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Figure 3.12

Temperature vs time curve calculated from half-wave potential shift with
time from ambient condition.
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Plot of current vs temperature. The temperature was calculated from the
half wave potentials shift

Figure 3.12 shows a sampled current transient vs temperature plot at platinum
electrode, and a decreasing trend in cooling transient. It can be assumed that the diffusion
coefficient increases with increasing temperature. A more detailed theoretical study is
needed to understand the mass transfer processes that are occurring. Current increases
linearly with the temperature at platinum electrode (shown in Figure 3.13), but at gold
electrode that linearity deviates at the high temperature.
3.2.3

TPV at platinum and gold electrode at using [Fe(CN)6]3-/[Fe(CN)6]4In this section, temperature pulse voltammetry reported using [Fe(CN)6]3-

/[Fe(CN)6]4- redox couple as a redox mediator for both platinum and gold electrodes.

Voltammogram construction was performed using data from each potential step
chronoamperometry.
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Figure 3.14

Current vs potential voltammogram using TPV data, obtained before
temperature pulse (Δtc = -2 s) and at thermal transient at gold (r = 0.250
mm) in 5 mM of each [Fe(CN)6]3-/[Fe(CN)6]4- solution containing K2SO4
supporting electrolyte. Potential step is 10 mV, 25 Vpp RF frequency.

Figure 3.14 shows that equilibrium potential ( ) for [Fe(CN)6]3-/[Fe(CN)6]3redox couple is 261 mV at ambient condition (iss), however, at high inductively heated
(Δtc = -25 ms) electrode  is 0.221 V. Equilibrium potential shifted around 40 mV.
Calculated increase in temperature at inductively heated gold (r = 0.250 mm) electrode is
25 K.
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Figure 3.15

Reconstructed voltammogram using TPV data, obtained before temperature
pulse (iss) and at thermal transient at Pt (r = 0.125 mm) in 5 mM of each
[Fe(CN)6]3-/[Fe(CN)6]4- solution containing K2SO4 supporting electrolyte.
Potential step is 10 mV, 15 Vpp RF heating pulse at 1.38 MHz.

Figure 3.15 shows the TPV curves for steady state current iss, the 2 s thermal
transient (∆tc = −25 ms), and cooling transient (∆tc= 625 ms, and 1475 ms) curves. The
steady state current (iss) and highest temperature (∆tc = −0.025 s) curve cross at 242 mV
and 212 mV, respectively. This potential shift is corresponded to an increase in
temperature of 18.8 K.
In TPV measurement techniques, gold and platinum electrodes shows a promising result,
noticeable temperature enhancement at electrode surface. This investigation could be
useful to study electrochemical applications of inductively heated platinum and gold
electrodes.

CHAPTER IV
OXYGEN REDUCTION REACTION AT INDUCTIVELY HEATED PLATINUM
ELECTRODE
4.1

Introduction
Electrocatalytic oxygen reduction reaction (ORR) is extensively studied to

improve fuel cells. Platinum is the best choice as a catalyst for ORR. Due to the sluggish
kinetics of the oxygen reduction reaction, different approaches have been tried to increase
the rate of reaction. Researchers has been employed different modified electrodes such as
polymeric modified, nanoparticle of transition metal, bimetallic catalyst109 in order to
maximize the electrocatalytic activity on the ORR. Temperature could enhance the
catalytic activity of platinum electrodes toward ORR. Increased temperature in the
electrolytic cell increases the catalytic activity at platinum electrodes. Zinola et al.110
elucidated the kinetic parameter (i.e, standard rate constant) and ORR mechanism by
using temperature variation at isothermal heating system. Watanabe et al.97 studied
temperature dependence on ORR activity at a platinum electrode and its alloys, which
shows increasing activity in the isothermal cell. Martin et al.111 reported a detailed study
the temperature dependence ORR kinetics at the platinum electrodes. They showed that,
both diffusion coefficient and heterogeneous charge transfer reaction rate increase with
increasing temperature. However, many theoretical and experimental studies of
temperature dependence ORR reaction kinetics in isothermal heating, few studies have
79

been reported for non-isothermal heating. Gründler et al.50 reported electrically heated
cylindrical microelectrode, they just observed the temperature dependence ORR activity
at high temperature.
In this project, current-potential behavior at inductively heated platinum (r =
0.125 mm) has been studied. ORR reaction has been studied context of diffusion,
convection, kinetics of the reaction at both ambient and heated conditions.
4.2

Experimental
In this experiment, oxygen reduction reaction performed at platinum electrodes.

Some experiments have been described elsewhere: induction heating experiment (section
2.3.2), fabrication of electrode (section 2.3.3), temperature calibration (section 2.3.4).
Reagent grade H2SO4, HClO4, and KOH were used. For the voltammetric measurement
(i.e. CV, LSV) a potential window from 1.0-0.2 V was set for both 50 mM HClO4 and 50
mM H2SO4 solution. A potential window 0.2 to -0.4 V was set to measure ORR at KOH
solutions. These measurements were performed at ambient condition and induction
heating pulse. 1.38 MHz, 20 Vpp RF voltage was applied to the induction coil, that
generates heat calibrated as 345.45 K (Table 2.3). Note that, for both induction heating
and normal temperature, CV and LSV were taken same potential window at scan rate
range 0.02 to 0.20 mV/s.
4.3

Result and discussion
As mentioned earlier, oxygen reduction reaction for the fuel cell has been

vigorously investigated. ORR has been included in this thesis to see the catalytic activity,
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thermodynamic and kinetic as an application of inductively heated non-isothermal
system.
Comparing the linear sweep voltammogram (LSV) curves at ambient and
inductively heated condition provides information about catalytic activity, mass transfer,
and reaction rate changes with temperature. Figure 4.1 (A) shows temperature dependent
ORR at Pt electrode in 50 mM HClO4 solution for the four-electron-transfer oxygen
reduction reaction. Note that reference electrode potential is +30 mV off from the
standard potential of silver-silver chloride reference electrode. In Figure 4.1, the argon
saturated voltammogram (a) represent the background. The possible explanation for the
small peak current at Ar saturated curves is due to the contribution of some residual
dissolved oxygen and PtO reduction. In Figure 4.1A, peak current is increased in both
air- and argon-saturated solution at during induction heating (IH, 73 ℃). Current
increased due to the high mass transfer by diffusion and convection (detailed discussion
in Chapter 2). The peak current as well as half wave potential also shift at higher
temperature voltammogram. The half-wave potential sifted around 37 mV in positive
direction from ambient condition, and positive shifting of potential corresponds to the
increasing reaction rate constant or entropic shift at elevated temperature. However,
entropic shift for ORR is small at that temperature. Figure 4.1B and 4.1C show the
increasing trend in peak current and half-wave potential change, as well as in 4.1A. At
elevated temperature, current is increased 1.5 times from ambient condition. The halfwave potential also shifted positively by +38 mV in 50 mM H2SO4 solution.
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Figure 4.1

LSVs obtained at Pt (r = 0.125 mm) in aqueous solution. Data was
acquired at argon (a, b) and air (c, d) saturated in absence (a, c) and
presence (b, d) of induction heating (b, d). normal temperature and elevated
temperature. (A) 50 mM HClO4 at v = 40 mV/s scan rate; (B) 50 mM
H2SO4 solution. Scan rate v = 100 mV/s; (C) 50 mM KOH using v = 40
mV/s.

Depending on materials, oxygen reduction reaction at alkaline solution follows
either the 2e pathway to generate peroxide (equation 4.2) or the 4e pathway to generate
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water (equation 4.1). 71 In case of fuel cell 4e transfer is desired over a two-electrontransfer processes.112
Oc + 2Hc O + 4e → 4OH ? 0.401V vs RHE or 0.149 V vs Ag/AgCl

(4.1)

?
Oc + Hc O + 2e → HO?
c + OH -0.065V vs RHE or -0.168V vs Ag/AgCl

(4.2)

Figure 4.1 C shows that, at higher temperature, the air saturated half wave potential shifts
by approximately 32 mV in positive direction. This value approximately nearest to the
literature value.113

Figure 4.2

LSVs at Pt (r = 0.125 mm) disk electrode at the 50 mM H2SO4 (red),
HClO4 (black), and KOH (blue) at normal temperature (dotted), and
elevated temperature (solid). Scan rate, v = 50 mV/s.

Figure 4.2 is the comparison of ORR reaction at different analyte such as acidic
(HClO4, and H2SO4) and basic (i.e. KOH) solution. In case of acidic solution, in air
saturated electrode, it does not show any anionic effect onto the ORR reaction. Our
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finding in this experiment is that, catalytic activity toward oxygen reduction reaction
increased for all three electrolytes, acidic and basic condition in the sense of both current
and potential shift.

Figure 4.3

LSVs obtained at Pt (r = 0.125 mm) at 50 mM HClO4 at scan rate range of
40-200 mV/s at (A) ambient temperature, and (B) elevated temperature.

Figure 4.3, 4.4, 4.5 are the comparison of ORR reaction at scan rate range 20-200
mV/s for HClO4, H2SO4, and KOH aqueous solution at ambient condition and high
temperature, respectively. Current increased in all the scan rate for both air saturated
normal and elevated temperature. Half-wave potential shifted positively at lower scan
rate as shown in Figures 4.3, 4.4, 4.5. The potential shift with scan rate are more
discernable in normal temperature than that of high temperature one.
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Figure 4.4

LSVs obtained at Pt (r = 0.125 mm) electrode at 50 mM HClO4 at scan rate
range of 40-200 mVs-1. (A) at ambient temperature, and (B) elevated
temperature.

Figure 4.5

LSVs obtained at Pt (r = 0.125 mm) electrode at 50 mM HClO4 at scan rate
range of 40-200 mV/s (A) at ambient temperature, and (B) elevated
temperature
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In Figure 4.3 oxygen reduction reaction at platinum (r = 0.125 mm) electrodes
follows the convergent diffusion at ambient temperature, (detailed discussion in Chapter
I). However, convection is responsible for the higher mass transfer at high temperature.

Figure 4.6

Plots of )" vs square root of scan rate at Pt (r = 0.125 mm) at room
temperature (solid line) and elevated temperature (dash line) in the 50 mM
(A) HClO4 (B), H2SO4 (C) and KOH

For linear sweep voltammograms, equation 2.1, 2.2, and 2.3 are applicable at
normal temperature. Again, )" was obtained from the the scan rate variation at room
temperature and elevated temperatures.
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The mass transfer process for ORR reaction was elucidated from the assumption
that only diffusion present at embedded disk electrode at ambient and elevated
temperature. Figure 4.6 shows the implication of that assumption where )" vs square
root of scan rate plot. Figure 4.6 A, 4.6 B, and 4.6 C show a good agreement with the
assumption of diffusion at ambient condition (solid line). However, in case of high
temperature, slope of the straight line (dashed) is lower than the ambient condition, which
confirms that convection is also responsible for the mass transfer (shown in Figures 4.7.).
Experimental findings are tabulated in Table 4.1 that show diffusion coefficient of O2
room temperature and elevated temperature. Diffusion coefficient at ambient condition is
good agreement with the literature value 1.67 × 10? cm2/s. Table 4.1 presents
calculated diffusion coefficients. The diffusion coefficient increased 3.5, 3, 2 times at
high temperature for H2SO4, HClO4, and KOH solutions, respectively. Figure 4.7 shows
that diffusion coefficient is variable at high temperature with scan rate, slower scan
shows higher diffusion coefficient value, that is established that convection is responsible
for higher mass transfer from bulk to electrode interface.
Table 4.1

Calculated diffusion coefficient for oxygen reduction reaction.

Electrolyte / 50 mM
H2SO4
HClO4
KOH

²\ (rt) /
(cmc s ?])
2.60 × 10?

²\ (IH)/
(cmc s ?])
9.75 × 10?

3.86 × 10?

9.53 × 10?

4.31 × 10?

8.54 × 10?

87

' c (rt)

' c (IH)

0.998

0.968

0.998

0.963

0.994

0.999

Figure 4.7

Plots of diffusion coefficient (D) vs square root of scan rate (v) at Pt micro
electrode (r = 0.125 mm) at room temperature (●) and elevated temperature
(▲) in 50 mM (A) HClO4 (B), H2SO4 (C) and KOH

The diffusion coefficient should be enhanced at high temperature as diffusion
coefficient is a function of temperature.111 Current and potential response to the
temperature change at electrode surface. At high temperature, the half-wave potential
shifts with temperature. This half wave potential shift corresponds to an increased rate of
reactions. The standard rate constant has been determined using the shift of peak and half
peak potential (equation 12).114 Table 4.2 shows apparent standard rate constant (cm/s) at
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ambient and elevated temperature. In three solutions, this value increases at high
temperatures. At high temperature the standard reaction rate constant increases by an
order of magnitude from ambient temperatures.

Table 4.2

Apparent standard rate constant ( ) at room temperature (rt) and at
induction heating (IH)

Scan rate
(V/s)
0.02
0.04
0.06
0.08
0.1
0.15
0.2
mean
standard
deviation

Standard rate constant Standard rate constant Standard rate constant
(ko) in HClO4
(ko) in H2SO4
(ko) in KOH
rt
IH
Rt
IH
rt
IH
0.0026
0.0044
0.0047
0.0089
0.0036
0.0090
0.0079
0.0055
0.0114
0.0041
0.0101
0.0068
0.0059
0.0125
0.0045
0.0115
0.0075
0.0118
0.0062
0.0137
0.0049
0.0120
0.0086
0.0132
0.0071
0.0154
0.0055
0.0151
0.0106
0.0156
0.0078
0.0173
0.0179
0.0119
0.0182
0.0062
0.0132
0.0042
0.0125
0.0083
0.0133
0.0011
0.0029
0.0010
0.0033
0.0026
0.0034

It can be concluded that, current increases at high temperature due to the
increased diffusion, convection. The reaction rate constant is a function of potential. The
half-wave potential shift demonstrates an increased reaction rate at higher temperatures.
The induction heating could be potentially applicable to the detection of a kinetically
sluggish reaction.
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CHAPTER V
CONCLUSION AND FUTURE WORKS

5.1

Conclusion
In this study, a novel induction heating system for heating different metals has

been discussed. Many metals (Table 2.1) showed acceptable heating properties using this
system. This thesis also includes the fabrication and electrochemical temperature
calibration of induction heated electrodes and their application in studying the oxygen
reduction reaction. Kinetic parameters, at elevated temperatures and ambient condition,
have also been reported for an inductively heated platinum electrode by observing
current-potential behavior. It has been shown that diffusion is not the only means of mass
transfer during heating: other mass transfer processes (i.e. convection) are present.
Investigations of the oxygen reduction reaction under heating conditions is reported as an
application of inductively heated electrodes. Inductively heated platinum electrodes
demonstrate increased catalytic activity with lower overpotential, as well as, an increase
in current under heating conditions. Temperature pulse voltammetry was performed at
inductively heated platinum and gold electrodes. This method shows promising results
for studying non-isothermal electrochemical phenomena.
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5.2

Future works
In this thesis, inductively heated platinum and gold electrode were used to

investigate heating properties in an electrochemical cell. Primarily, these working
electrodes provided promising result of temperature change on the electrode surface. To
utilize better heating, more rigorous experimental design is needed especially by
impedance matching the induction heating system. It would optimize heating at the
electrode surface.
There is more work needed for better understanding the mass transfer processes at
heated electrode in both thermal and cooling transient. A theoretical model should be
established to understand the electrochemical variables: diffusion, convection, and kinetic
parameters. Future work will be included to fit this result with a theoretical model.
Inductively heated electrode could be used for the studies as scanning electrochemical
microscope substrate, that would provide the heating profile from electrode surface to
solution. Catalytic activity on hydrogen evolution reaction (HER), oxygen reduction
reaction (OER) This would be useful to study kinetically sluggish reaction. For instances,
salicylic acid (SA) is a protein inhibitor and is functional molecule has been used as
mutation of a gene. In this reaction, electron transfer kinetics are very sluggish. Also, in
temperature pulse voltammetry (TPV) will be used to investigate the oxygen reduction
reaction (ORR). Inductively, heated electrode can be used to monitor or detect inhibition
processes in bio-analysis.
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